Abstract-Physiological sensors for respiration, and electrodermal activity have been historically used in polygraph devices and sleep laboratories. Periodic testing of these sensors is important to maintain predictable performance of the measurement equipment. This paper describes an Electronic and Electromechanical Tester (EET) for physiological sensors that allows for accurate and repeatable reproduction of the recorded or computer-generated physiological signals. The tester is interfaced to a personal computer via USB and contains three time-synchronous channels: two electromechanical simulators for testing abdominal and thoracic respiratory sensors, and an electronic simulator for testing electrodermal sensors. All of the simulated physiological channels apply direct physical actuation to the corresponding sensors. Preliminary validation of the EET demonstrated high accuracy and repeatability of the simulated physiological signals with an average absolute difference between simulated waveforms in the range of 1%-3.9%.
INTRODUCTION
Polygraph equipment has been used by law enforcement and security forces since the 1920s [1] . At this time, polygraph testimonies are admissible in court in 19 states in the United States of America and polygraphs are actively used as an investigative tool in Canada [2] . Due to a long standing debate and controversy surrounding the scientific basis of polygraph testing [3] , [4] , polygraphs and polygraph evidence are less commonly used and typically not admissible in court in many other countries. Nevertheless, polygraphs are still commonly used as a screening tool for hiring new employees into security-sensitive positions.
The polygraph monitors several physiological indicators (such as skin conductivity, breathing, pulse and blood pressure) during an interview in which the subject is asked a series of questions. The expectation is that deceptive answers will register different physiological responses from those corresponding to truthful answers. Modern polygraphs are computerized and create digital recordings of all physiological signals captured during an interview.
Skin conductivity (also called electrodermal response or Galvanic Skin Response, GSR) is thought to be an indicator of psychological, emotional or physiological arousal. Measurement of skin conductivity is typically performed by an ohmmeter in which a constant 0.5V is applied between the electrodes and the resulting current flow is measured by amplifying the voltage across a resistor in series with the skin [5] .
Respiration in polygraph equipment is typically monitored using pneumatic pressure gauges. The process of breathing stretches abdominal and thoracic gauges and produces variations in air pressure within the gauge which are then captured by an air pressure sensor within the polygraph [6] . Piezoelectric or capacitive breathing sensors incorporated into elastic belts could also be used.
Since polygraph testimony is still in wide usage, it is important to understand how different instruments respond to identical excitations and to be able to validate and calibrate physiological sensors and thus ensure reliability of obtained readings. The goal of this paper is to present an Electronic and Electromechanical Tester (EET) that simulates three physiological channels used in polygraph equipment (two channels of respiration and electrodermal response) by providing a direct mechanical or electrical response equivalent to that of a human attached to the respective sensors. In this sense, the EET provides a simulation of the real physiological processes and provides an accurate and repeatable way of testing polygraph equipment. In addition, the EET can be used to test and validate other physiological measurement systems that capture respiration and GSR, such as equipment used in sleep laboratories. This paper is organized as follows. Section II, Methods, presents the requirements posed to the EET, its system architecture, details of implementation for each channel of physiological simulation, and the testing procedure used to evaluate the repeatability of simulation. Section III then presents the obtained results and Sections IV and V provide discussion and conclusions.
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II. METHODS

A. System requirements
The requirements for the EET were formulated based on the fundamental properties of breathing, GSR and blood pressure, such as range and frequency of events. Table I lists measurement sensors (on polygraph), actuators (on EET) and desired ranges and resolutions of the actuation. The common sampling frequency of 60 Hz was set to provide an update rate sufficient for simulation of all physiological simulators in the system.
B. EET architecture
The system architecture for the EET is shown in Figure 1 . A computer (1) with a graphical user interface reads the files containing recordings of physiological signals and sends them to the microcontroller (3) through a USB-to-serial converter (2) . The graphical user interface supports loading, visualization and playback of the previously recorded physiological signals. The interface to the physiological simulator is implemented as a virtual serial port connection though a USB port using an FT232R chip [7] . The chip supports bidirectional data exchange with rates up to 3 Megabit per second (375kbytes/s), which is sufficient for the application. With simultaneous playback of 3 channels at 60Hz sampling rate and 16 bit resolution, the required data rate is below 3000bits/s. The microcontroller (3) buffers the short periods of recordings on internal memory and also maintains the sampling clock at which all actuators are updated. In this manner, all timing issues (such as jitter) that may arise by using a non-real-time OS (such as Microsoft Windows) are resolved, as exact timing is maintained using hardware timers on the microcontroller. The microcontroller also converts the raw waveforms into commands sent to digital servo controllers (5) that drive linear actuators (6) for the breathings channels. The microcontroller also controls a digital potentiometer (4) that simulates GSR. The microcontroller used in the design is an ATmega2560 [7] (on Arduino Mega board) with 54 digital general purpose I/O pins, 16 analog inputs, 4 UARTs (hardware serial ports), and 16 MHz clock frequency.
C. Electrodermal channel simualtor
The electrodermal simulator was implemented using digital potentiometers (AD5241 [9] from Analog Devices) in combination with switched resistances. Digital potentiometers have the advantage of creating minimal switching noise during resistance transitions. AD5241 is an 8-bit digital potentiometer controlled over 3-wire serial interface (I2C) available in 1M , 100k and 10k resistances. Use of two AD5241 potentiometers in series (1M and 100k ) allows control of resistance between 0-1.1M with less than 400 increments. Two higher value resistances were connected in series with the digital potentiometers. These 1M and 2M resistors could be bypassed by analog switches, effectively removing them from the circuit. The additional resistor bank allowed the GSR simulator to achieve the full range of 4M specified by the requirements for the simulator. Since the digital potentiometers' ranges were not a multiple of two of one another, a simple conversion routine was used that performed consecutive divisions and modulus calculations to compute the binary code to be sent to the potentiometers.
D. Respiratory simualtor
The respiratory simulator consisted of two identical channels providing mechanical excitation to the abdominal and thoracic pneumatic sensors. Each channel was implemented as a digitally controlled linear actuator. The digital motor controller was a FASTECH Ezi-Servo Plus-R motor drive that controlled an Ezi-Servo EzM-42-XL-A stepper motor. This is a high-precision and high-speed stepper motor providing 10,000 pulses per revolution of angular position feedback. The controller accepted commands via an RS485 interface from the microcontroller, and both channels were daisy-chained. The angular position commands were issued to the closed-loop position controller for the motor, which drove a lead screw linear actuator with a 10 mm screw lead and an available 121 mm stroke length [10] . One end of the pneumatic pressure sensor was attached to the carriage on the actuator while the other end of the pneumatic pressure sensor was attached to a stationary support. Thus, each position command issued to the motor controller caused the pneumatic pressure sensor to expand and contract to simulate respiratory movement. Note that while the motor position was controlled in a close-loop manner, the loop was not closed on the linear displacement. In a reasonable assumption, all mechanical dynamics from the motor shaft to the pressure transducer were neglected.
For the purposes of sizing the motor and determining the screw lead during the design process, a sinusoidal desired position was assumed with the maximum peak-to-peak displacement of 10 cm and a frequency of 0.5 Hz. From this position profile, the velocity and acceleration profiles were computed. The acceleration profile, along with actuator friction and carriage mass dictated the maximum required linear force. This force and velocity data was sufficient to find a screw lead and motor such that the requirements were within the torque speed curve of the motor. The selected motor provides a maximum torque of 650 mN-m and is capable of delivering 20 mN-m of torque at a speed of 3,000 rpm, which corresponds to a linear velocity of 50 cm/s.
E. Validation
The EET prototype was validated in a series of tests evaluating accuracy and repeatability of simulated physiological signals.
Reference computer-generated signals and human recordings obtained on a polygraph were played back on the EET. The signals reproduced by the EET were recorded by an LX4000 Computerized Polygraph [11] made by Lafayette Instruments using Lafayette Polygraph System LX software version 11.1.4 and formatted to proprietary DACA file format using pREFORMAT Software Version 1.02. When each vendor polygraph file is reformatted to the DACA file format, each file is converted to a relative scale ranging from 0 -10,000 DACA units. Because these values are dimensionless, there is not a universal conversion from DACA formatting to physical values. Rather, an individual linear transformation must be computed for each file. It was discovered through testing that each DACA unit corresponded to approximately 3 pulses of the stepper motor and 0.38 for the GSR channel, with various offsets, for the sample files presented herein. Thus, the peak-to-peak amplitude of 10,000 DACA units translates to 30mm physical displacement of the carriage on the linear actuator.
The first signal tested was the sinusoid with the peak-topeak amplitude of 10000 DACA units and frequency of 0.2391Hz. The amplitude covered the full dynamic range offered by the file format and the frequency was representative of the time constants of normal physiological processes (for example, 0.2391Hz is approximately 14 breaths per minute, which is a normal breathing rate for an adult [12] ). The same signal was reproduced both on breathing and GSR channels. Second tested signal was a sample physiological recording from an interview (human recording) included with the polygraph software. This signal has different waveforms in all channels of the recording.
Accuracy of the reproduction was evaluated as absolute average error . The reference signals (DACA files played on the EET) were aligned in time with the recordings captured on the polygraph (further referred as test signals) using crosscorrelation function and trimmed to identical length (169.2 seconds for computer-generated breathing and GSR recordings, 258.3 seconds for the human recording on the GSR channel and 275 seconds for the same recording on the breathing channel). The was computed as an average of the absolute difference between the reference and test signals averaged over 10 experiments: ,
where N=10 is number of experiments, M is the length of a recording, x(t) is the test signal and r(x) is the reference signal.
Repeatability of the reproduction was evaluated in several ways. First, to disregard any differences between the reference and test signals caused by the transfer characteristics of the polygraph, absolute average error was computed as: ,
where m(t) is the mean signal obtained by point-to-point averaging of the test signals,
Second, average standard deviation of the test signals relative to their mean was computed as:
. (4) III. RESULTS Figure 2 shows the assembled prototype of EET. Objective measurement shows that the full range of the GSR change both for computed-generated and human signals was between 3k and 1.68M . Similarly, the full range of displacement for the breathing channel was 0-30mm which was expected from the used conversion coefficients.
The summary of errors representing accuracy and repeatability of reproduction is shown in Table II . The results are shown as error in DACA units (% of full range)
IV. DISCUSSION
This paper describes an Electronic and Electromechanical Tester of physiological sensors used in polygraph equipment, sleep laboratories and other applications.
The EET was implemented to provide direct actuation to the sensors that are placed on humans during data acquisition and in this way simulate physical manifestations of physiological processes rather than their electrical equivalents. The benefit of such implementation is that transfer characteristics of each individual sensor contribute the signals captured by the polygraph and allow for detection of faulty or otherwise damaged sensors.
The prototype EET has proven to be sufficiently accurate and repeatable. As Table II shows, the average absolute error for the GSR simulator was 3.9% for the full-range sinusoid and 1% for the real signal (3.2% and 1.6%, respectively for the breathing channel). These values indicate that the reproduced physiological signal is a close match to the original signal.
Similarly, the average difference from the mean ranges between 0.3%-2.4% with the standard deviation range of 0.3%-1.7%. These values suggest that even though the signal may be slightly different from the reference, it is highly repeatable, which may indicate that the difference between the reference and the test signals is a result of unaccounted factors in the transfer characteristic of EET-polygraph system. Our future work will include identification of these transfer characteristics.
Beside from being accurate and repeatable, EET demonstrated its suitability for the purpose of testing physiological sensors by detecting a faulty sensor in the one of the breathing channels. Figure 7 illustrates a decaying sinusoid captured by the faulty sensor. Ideally, the graph should look the same as the sinusoid on Figure 4 . The difference in reproduced signal was traced back to an air leak in the pneumatic tube of the sensor. Figure 7 also illustrates a limitation of polygraphs that autorange their signals during acquisition and save these signals in dimensionless files without specifying conversion coefficients. For example, the peak-to-peak amplitude of the sinusoid provided by the EET in Figure 7 was exactly the same as the sinusoid in Figure 4 . Nevertheless, the fault in the sensor resulted in about 20% perceived reduction in the amplitude for the sinusoid. Therefore, some of the difference between the reference and test signals in this study may have been caused by non-ideality of the polygraph sensors. This needs further investigation with more precise equipment allowing for capture of the reproduced signals in proper physical rather than dimensionless units.
Overall, the proposed tester of physiological sensors proved to be an accurate and repeatable device capable of polygraph sensor testing. The future work on this device will include tasks mentioned in discussion as well as implementation of a blood pressure simulation channel. 
